I. INTRODUCTION
The S parameters of planar microwave devices may be measured accurately and efficiently with coplanar probes [l] . Using coplanar probes to measure the S parameters of monolithic microwave integrated circuits (MMIC's) based on microstrip transmission lines is difficult, however, because the ground plane of the microstrip transmission lines is not easily contacted by the coplanar probe. Moniz [2] and Harvey [3] have used plated substrate via holes for this purpose, but the difficult processing required to form these via holes inevitably raises the circuit fabrication cost and lowers the yield. For these reasons it is often desirable to use a transition which does not require substrate via holes, especially if the circuit to be fabricated does not require via hole grounding.
In this work a transition between a coplanar probe and a microstrip transmission line which does not require substrate via holes and which is suitable for performing S parameter measurements of microstrip MMIC's is described. The method used to de-embed and unterminate the transition is discussed and the S parameters of the transition deduced from this procedure are presented. The accuracy of the de-embedded measurements is estimated.
COPLANAR PROBE TO MICROSTRIP TRANSITION
The coplanar probe to microstrip transition investigated in this work is shown in Fig. 1 . The center signal pad on the coplanar probe contacts the microstrip line into which the signal is launched. The outer two ground pads on the coplanar probe contact the microstrip radial stub near its center. The microstrip radial stub provides a low impedance between the microstrip ground plane and the coplanar probe ground contacts. (Other stub types could be used but would exhibit a more narrow band performance.)
If the fringing fields at the stub edges can be ignored, the electrical reactance X between the probe ground and the microstrip ground can be estimated from the formulas given by Atwater Bessel functions of the first and second kinds of the i th order, r, is the inner radius, rz is the stub outer radius, and 1 = r2 -r1 as defined in Fig. 1 . (The quantity r, is defined for a circular inner stub contour. Since the inner stub contour used in this work was not circular, the distance from the center of the stub to the leftmost vertex, as drawn in Fig. 1 , was used in place of r,. This approximation is reasonable given the approximations already made in deriving (l).) Atwater [4] also shows that if fringing fidlds can be neglected, the stub angle is large, and the stub inner radius r, is small compared with a wavelength, the lowest stub impedance is achieved by a stub of length [4] It is easy to show that, under the same assumptions used to derive (2), the stub reactance becomes infinite when
(The frequencies at which the stub impedance is zero and nearly infinite are actually somewhat lower than calculated here because of fringing effects, which were not taken into account in (l), (2), For any given frequency of operation, the optimum stub has a length given approximately by (2), since the impedance of the stub is both low and insensitive to the substrate thickness at that length. (Insensitivity to substrate thickness can be an important advantage when making measurements on many wafers of differing thicknesses.)
At the frequency at which (3) is satisfied, the coplanar probe ground and the microstrip ground plane decouple. Equation (3) thus determines approximately the highest frequency at which the stub may be used.
From (1) it can be seen that the stub reactance is inversely related to the stub angle B. The bandwidth of the stub, defined as the frequency range for which the impedance of the radial stub is below some threshold impedance, thus increases as the stub angle B increases. A stub angle 6 of 180" results in a large bandwidth. A larger stub angle was deemed undesirable as the transition would consume too large a surface area, an important consideraand (3)J tion in GaAs MMIC's, while not greatly increasing the stub bandwidth.
Using (l), (2), and (3), a transition was designed for optimum operation at 10.6 GHz with a maximum operating frequency as given in (3) of approximately 40 GHz. The stub length 1 was 1250 pm long, the stub inner radius r, was 125 pm, and the stub angle B was 180". The transition was fabricated on a semi-insulating GaAs substrate with a thickness of about 92 pm and a relative dielectric constant of about 12.9. The transitions were patteomed in a 1.7-pm-thick layer of evaporated gold with a 500-A-thick titanium adhesion layer using lift-off techniques. Alignment keys in the form of small 5 pm by 5 pm holes were printed on the radial stub as an aid in controlling the probe placement.
DE-EMBEDDING THE TRANSITION
While (1) is adequate for design purposes, it is not accurate enough to determine the electrical characteristics of the transition for purposes of de-embedding, as both the effects of fringing fields and circuit excitation were neglected in (1). Therefore an experimental procedure, referred to as unterminating [ 51, was used to electrically characterize the transition for purposes of de-embedding. Unterminating is the process of deducing the electrical characteristics of a transition from a series of S parameter measurements performed with known devices, which we will refer to as "standards," connected to the transition. The procedure used here is described in detail by Bauer and Penfield [5] . It is based on,the fact that at any given frequency the transition is described by three complex S parameters (since the transition is reciprocal, S,, = S2,), and so three or more measurements performed with different "standards" connected to the transition are adequate for uniquely determining the S parameters of the transition.
The accuracy with which the S parameters of the transition can be determined is, for the most part, limited by the accuracy with which the "standards" have been characterized electrically. Microstrip loads are especially difficult to fabricate and characterize electrically. For this reason a set of planar offset microstrip opens were used as "standards." These offset opens are shown in Fig. 2 . In order to electrically characterize these offset microstrip opens it was necessary to determine the attenuation constant a, the characteristic impedance Z,, the propagation constant /3, and the effective length extension I,,, (due to fringing capacitance at the end of the microstrip line) of the microstrip transmission lines.
The loss of the 90-pm-wide microstrip line was measured and the attenuation constant a found to be about 0.0053 nepers/mm at 17 GHz by comparing the return loss of several offset opens whose lengths differed by integer multiples of a half wavelength. (In this way, the effects of the transitions on the measurements was minimized.) The attenuation constant was then assumed to be proportional to the square root of the frequency, and was calculated from the measured loss at 17 GHz. This assumption is valid when the skin depth of the metal is much smaller than the metal thickness. This assumption breaks down at the lower end of the frequency range, but is a reasonable assumption above 10 GHz, where the calculated skin depth is 0.6 pm, about a third of the 1.7 pm metal thickness.
The dispersive characteristic impedance ZOlossless and the propagation constant /310ss,ess for the microstrip transmission lines were calculated by LINECALC [6] (which includes the effect of a finite metal thickness but neglects the effect of losses) at a set of discrete frequencies and then curve fitted. The lossless characteristic impedance and propagation constant were found to be well approximated by and the actual propagation constant p was calculated from [7] P = Plossless('+ a/Plossless).
The propagation constant was checked experimentally by comparing the resonant frequencies of the two microstrip resonators shown in Fig. 3(a) and (b) . These two resonators were identical except that the second was constructed to be half a wavelength longer at the resonant frequency of 9.84 GHz. This allowed the actual propagation constant to be easily calculated from the measured resonant frequencies (which should be identical if the propagation constant was calculated correctly) without knowing the exact electrical properties of the gap in the microstrip. The measured and calculated propagation constants were found to agree within the f 0.3% accuracy of the measurement.
As is well known [8], the fringing fields at the end of an open microstrip line give rise to an "excess" capacitance at the end of the line. This "excess" capacitance may be modeled electrically as an extension of the length of the line by a small amount, which we will call I, , , . This length extension was determined from an internal model for a microstrip open by the computer-aided design program TOUCHSTONE [6] to be lcxt = 0.025 mm. This value was verified with the resonant structure shown in Fig. 3(c) . The length of the resonant section in Fig. 3(c) was chosen to be 0.025 mm less than one half of the length of the resonant section in Fig. 3(a) (which is just slightly less than one wavelength at the resonant frequency). At resonance there is a current null at the center of the resonator pictured in Fig. 3(a) . Thus the resonant frequencies of the two circuits would be identical if lex, were equal to its calculated value of 0.025 mm. This was found to be the case. This procedure allowed the verification of le,, to within k0.015 mm, although the measurements were not accurate enough to correct for possible errors in the calculated value of Once the offset microstrip open "standards" had been characterized by the procedure described above, the transitions were unterminated. The analyzer and probe tips were first calibrated to a reference plane at the end of probe tips using planar standards provided by the manufacturer.' A set of 11 offset opens with lengths of 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, 3.0 mm, 4.0 mm, 5.0 mm, 6.0 mm, 7.0 mm, 8.5 mm, and 10.0 mm were then used as "standards" to unterminate the transition by performing a least-squares fit to the S parameters of the transition using the algorithm described by Bauer and Penfield [5]. The transmission coefficient of a single transition, determined by the unterminating process described above, is shown in Fig. 4 . Referring to Fig.  4 , a single transition is seen to have less than -0.15 dB transmission loss and greater than -20 dB return loss from 5 to 25 GHz, making them suitable for performing accurate S parameter measurements of microstrip circuits over more than two octaves.
IV. MEASUREMENT VERIFICATIONS
De-embedded measurements of the offset microstrip open standards allow the determination of random measurement errors for large reflection coefficients. Systematic errors, such as those due to errors in the calculation of the characteristic impedance and effective dielectric constant of the microstrip lines used to fabricate the microstrip impedance standards, can not be easily estimated from measurements of these "standards." This is because the "standards are mapped into their definitions by the de-embedding process, even when four or more "standards" are used. In order to better estimate systematic measurement errors in the de-embedding and unterminating process, de-embedded measurements of single gaps in microstrip lines were used to predict the resonant ,frequencies, quality factors, and insertion losses of the resonant structures in Fig. 3(a) and (b) . Comparisons of the actual resonant frequencies, quality factors, and insertion losses of these resonant structures with those derived from the de-embedded S parameter measurements of the gaps allow the measurement accuracy at high reflection coefficients and low transmission coefficients to be estimated. In this case, the differences between the measured and expected resonant frequencies are related to the error in-the angle of the deembedded reflection coefficients while differences between insertion loss and quality factors are related to the error in the magnitude of the de-embedded transmission coefficients. Measurements of microstrip through lines of different lengths (through lines were not used as standards in the de-embedding process) allowed estimates of measurement errors at low reflection coefficients and high transmission coefficients. In this case, the measured and expected trksmission and reflection coefficients can be compared directly to estimate measurement error. Such a comparison for an 8-mm-long through line is shown in Fig. 5 . Worst-case estimates of the de-embedded measurement errors so derived are listed in Table I. V. CONCLUSIONS A transition between a microstrip line and a coplanar probe suitable for measurements between 5 and 25 GHz was described. The transition was de-embedded and estimates of de-embedded measurement accuracy performed. The high measurement accuracy obtained with these transitions allows coplanar probes to be used to test microstrip circuits without via holes at the wafer level. The need for mounting circuits in fixtures for testing is eliminated, resulting in lower testing costs.
The transition may prove especially useful at millimeter wavelengths, where its size can be reduced. Work to characterize this transition at millimeter wavelengths is in progress. Work to determine the S parameters of the transition as a function of substrate thickness is also in progress.
